Abstract. Among glacier instabilities, collapses of large parts of low-angle glaciers are a striking, exceptional phenomenon. So far, merely the 2002 collapse of Kolka Glacier in the Caucasus Mountains and the 2016 twin detachments of the Aru glaciers in western Tibet have been well documented. Here we report on the previously unnoticed collapse of an unnamed cirque glacier in the Central Andes of Argentina in March 2007. Although of much smaller ice volume, this 4.2 ± 0.6 × 10 6 m 3 collapse in the Andes is similar to the Caucasus and Tibet ones in that the resulting ice avalanche travelled a total distance of ∼ 2 km over a surprisingly low angle of reach (∼ 5 • ).
Introduction
On steep glacier fronts, icefalls, and hanging glaciers (usually > 30 • steep), glacier instabilities in the form of ice break-offs and avalanches of varying size and magnitude are common and have been noted everywhere around the globe (Faillettaz et al., 2015) . The current WGMS "special events" database lists a total of 110 ice avalanche events worldwide (WGMS, 2017) . Such gravitational ice failures can be a normal process of ablation of steep glaciers, but extraordinary events can be triggered by seismic events and changes in the ice thermal regime or in topographic or atmospheric conditions (Faillettaz et al., 2015) . Typical volumes of ice avalanches from steep glaciers are on the order of up to several 10 5 m 3 , with extraordinary event volumes of up to several 10 6 m 3 . Yet the detachment of large portions of low-angle glaciers is a much less frequent process and has so far only been documented in detail for the 130 × 10 6 m 3 avalanche released from the Kolka Glacier in the Russian Caucasus in 2002 (Evans et al., 2009) , and the recent 68 ± 2 × 10 6 and 83 ± 2 × 10 6 m 3 collapses of two adjacent glaciers in the Aru range on the Tibetan Plateau (Tian et al., 2017; Gilbert et al., 2018; Kääb et al., 2018) .
The massive, sudden detachments of both the Kolka and Aru glaciers caused the loss of human lives (Evans et al., 2009; Tian et al., 2017) . These two extreme events have been critical in posing relevant questions on the origin and dynamics of massive glacier collapses of low-angle glaciers and their implication for glacier-related hazards over other mountain areas worldwide (Kääb et al., 2005) . The recent Caucasus and Tibet events also showed that glacier instabilities of catastrophic nature with no historical precedents can happen under specific circumstances. Previously known catastrophic glacier instabilities should be re-evaluated in the light of the new findings in order to investigate their relation to processes involved in the massive Caucasus and Tibet glacier collapses or ice avalanching from steep glaciers .
In this contribution we present the collapse of a cirque glacier in the Central Andes of Argentina in March 2007, which we informally named Leñas Glacier. Owed to the isolated location of the glacier and the lack of human activity affected, the event had remained unnoticed until recently (Falaschi et al., 2018a) . Based on the analysis of aerial photos, high-resolution satellite imagery, and field observations, we follow the evolution of the Leñas Glacier from the 1950s through the present day, describe the collapse event and later changes of the avalanche ice deposits, and discuss the possible triggering factors for the collapse. It should be noted that the remoteness of the study site, and the fact that the event remained unnoticed for a decade, limit the data base available to interpret the event. Nonetheless we consider it important to report about this unusual glacier collapse in order to contribute to the discussion about glacier instabilities.
Study area
The Leñas Glacier (34 • 28 S-70 • 3 W; lower limit ca. 3450 m a.s.l.; Fig. 1a ) is located at the headwaters of the Atuel River, in the Argentinean province of Mendoza. The climate in this portion of the Andes of Argentina and Chile has been described as a Mediterranean regime. Snowfall maxima occur during the austral cold season (April-October), as the westerly flow drives frontal systems eastwards from the Pacific Ocean over the Andes. Glaciers in the Central Andes have retreated significantly since the second half of the 20th century (Malmros et al., 2016) . Specifically in the Atuel catchment, Falaschi et al. (2018a) reported a moderate (though highly variable) glacier thinning rate of 0.24 ± 0.31 m a −1 overall for the 2000-2011 period.
Regarding glacier instability processes, there is a total of 16 glacier avalanches in the Tropical Andes of Peru and Colombia contained in the WGMS database, involving avalanche volumes of 0.2-100 × 10 6 m 3 (WGMS, 2017) . In the classic work of Lliboutry (1956) on the glaciers of the southern Andes, a number of ice break-offs in icefalls in the Central Andes of Chile are reported, though none of them were out of the ordinary in order to have raised particular consideration. More recently, at least two glaciers in central Chile have lost a significant portion of their mass in sudden collapses (Iribarren Anacona et al., 2014) , namely, the 7.2 × 10 6 m 3 detachment of a debris-covered glacier just south of Cerro Aparejo (33 • 34 S-70 • 00 W) in March 1980 (Marangunic, 1997) and the 1994 ice avalanche in the southern flank of Tinguiririca Volcano (34 • 48 S-70 • 21 W), merely 50 km southwest of the Leñas Glacier (Iribarren Anacona et al., 2014) . A second, 10-14 × 10 6 m 3 ice-rock avalanche originating from Tinguiririca glacier occurred in January 2007 (Iribarren Anacona and Bodin, 2010; Schneider et al., 2011) , only 2 months before the Leñas event.
The abundance of rock glaciers and perennial snow patches in the Leñas Glacier surroundings (Fig. 1a) indicates that permafrost is widespread in the area. Brenning (2005) indicated for the region that the minimum elevation of rock glacier fronts is indicative of negative levels of mean annual air temperature (MAAT) and of the altitudinal lower limit of discontinuous mountain permafrost and set its extent at 3200 m in the nearby Cerro Moño range (34 • 45 S; see also Brenning and Trombotto, 2006; Brenning and Azó-car, 2010; Azócar and Brenning, 2010) . This value is comparatively higher than the ∼ 2800 m elevation established for the whole Atuel catchment by IANIGLA (2015) . The rough global permafrost zonation index map (Gruber, 2012 ) also indicates probable permafrost around the Leñas Glacier.
Lithology in the glacier surroundings is chiefly composed of pre-and postglacial volcanics (basalts, andesites and dacites) of Pliocene and Holocene age. Glacial, fluvial and mass removal processes have eroded and transported these rocks, which form the glacier forefields and outwash plains. To estimate the avalanche volume we subtract the February 2000 1 arcsec C-band SRTM DEM from the ALOS PRISM World DEM AW3D30 (Fig. 1c) . For the SRTM DEM we assume no penetration of the radar pulse into the snowpack and ice as February 2000 falls in austral summer with melting conditions likely. The assumption of no to little radar penetration is confirmed by the fact that the C-band and the X-band SRTMs show no significant vertical difference over the Leñas and other glaciers in the area (see Gardelle et al., 2012) and that the SRTM image product shows for these glaciers low backscatter, a sign of surface melt (Kääb et al., (Fig. 1c ) reveal a volume loss over the collapse detachment area of 4.0 × 10 6 m 3 . We also compute differences between the SRTM DEM and the TanDEM-X WorldDEM, the raw data of which were acquired between January 2011 and September 2014, giving an average date of ∼ 2013. The volume change over the glacier detachment estimated from these DEMs is around 3. 6 m 3 was calculated according to Wang and Kääb (2015) using an off-glacier standard deviation of elevation differences found to be 2.3 m and a conservative autocorrelation length of 400 m. Assuming instead complete correlation of the elevation differences (i.e. assuming the number of observations n to be 1) gives a pessimistic volume uncertainty of ±0.6 × 10 6 m 3 or around 15 % of the volume estimated. Incidentally, the positive elevation changes seen in the upper part of the glacier are most probably the result of DEM artefacts on steep terrain and due to different details included in the SRTM and AW3D30 DEMs (as becomes clear from visually comparing their hillshades) but have nevertheless no impact on the general pattern of the elevation trends observed here (see for example Le Bris and Paul, 2015) .
For an independent check of the collapse volume, we estimate the average glacier thickness at the scarp to have been roughly 35 m as derived from scarp shadows and solar angles at the time of image acquisitions. Thus, assuming arbitrarily linear decrease in the glacier thickness from the scarp to the former glacier front, an average glacier thickness of 18 m yields a rough estimate of 4.5×10 6 m 3 of ice detached in the avalanche. This collapse volume agrees well with the above more quantitative estimate based on DEM differences.
The large crevasses that would later delineate the collapse scarp were clearly visible 3 weeks before the collapse (Fig. 2c) but strong crevassing at approximately the same location is also evident in the 1970 aerial photos (Fig. 2b) . This indicates a potential break in slope of the glacier bed at this location. Interestingly, the upper, steeper part of the glacier that had been mainly devoid of rock debris before the collapse gradually became debris covered after the breakoff (Fig. 2e, f) . It is however unclear if this development is related to the collapse (e.g. due to debris concentration on a now flatter glacier) or coincidental (e.g. related to overall glacier shrinkage in the area, or increased rock fall activity from the steep mountain flank above the glacier).
The ice avalanche deposit transformed from a mostly clean-ice surface directly after the collapse in 2007 (Fig. 2d) to a debris-covered one later on (Figs. 2e-f, 3a) . Ice interspersed with rocks is featured at the avalanche terminus in the 19 April 2007 QuickBird image (Fig. 2d) , and by 2011 the full ice debris (as most of the upper portion of the glacier) had been sheltered by scree. Also, the detachment scarp and crevasses have disappeared, and large thermokarst ponds have formed within the avalanche deposit. Currently, the avalanche terminus lies ∼ 450 m horizontally up the valley with respect to the maximum avalanche extent in 2007.
The ice deposits of the Leñas collapse sit on a flat levelled plateau consisting of volcanic rocks, reworked by glacial erosion, rockfall and maybe previous collapses. As stated above, the ice avalanche is meanwhile fully debris covered, though massive ice is visible on the walls of thermokarst ponds and ice cliffs. Within the avalanche deposit, which has mostly a subdued and concave topography now, at least two small outwash plains are forming, one at the abrupt slope change just above the uppermost reaches of the avalanche deposit and the other in front of the avalanche terminus (Fig. 3a) .
Recent field observations of the detachment area performed in March 2018 confirmed the absence of a hard bedrock underneath the glacier, as already suggested by the high-resolution satellite images. The sediment layer beneath the failed glacier area is deeply incised with gullies showing no hard bedrock (Fig. 3a, b) . Also, the terrain under the former avalanche scarp is steep and not too rough (see Fig. 3a ). Further down, debris in the ice avalanche deposit is composed of fragments of volcanic rock (< 0.5 m in size) contained in a finer (pelitic to sandy) matrix and very few large boulders (Fig. 2a, c) . We assume this material to be further evidence of the soft bed upon which the glacier rested before collapse. Between the outer limit of the ice avalanche and the LIA moraines (Figs. 1a, 3d) , the terrain is made up of a chaotic arrangement of hummocks and thermokarst ponds that appear similar (though smoother) to the complex topography of the actual avalanche deposit (Fig. 3a) . From the 2018 terrain inspection, and the 1955 and 1970 aerial photographs from before the collapse, it appears that the ice avalanche flowed over a seemingly bumpy, rough surface.
Meteorological and seismic data
We used the CHIRPS daily precipitation data , with a spatial resolution of 0.05 • , to identify unusu- Using data from the USGS earthquake catalogue (https://earthquake.usgs.gov/earthquakes/search/, last access: 18 March 2019) and applying the ground acceleration criteria discussed in Kääb et al. (2018) , we find no earthquake between 4 and 15 March 2007 that could have triggered the Leñas collapse. The strongest earthquake found during the period of concern and within a radius of 1000 km had a magnitude of 5.0 and distance of about 200 km from Leñas (depth of 35 km; 11 March). The closest earthquakes (20-30 km) had magnitudes of 2.5 (4 March, 8.3 km in depth) and 3.2 (11 March, 128 km in depth). and 83 ± 2 × 10 6 m 3 ; Kääb et al., 2018) collapses, the Leñas event has a much smaller mass of ice sheared off due to a smaller and shallower glacier. Conversely, despite the spatial and temporal proximity, the Leñas and Tinguiririca events are probably different in nature. In the first place, the Tinguiririca event involved a much larger volume (10-14×10 6 m 3 vs. 4.2 × 10 6 m 3 ; Schneider et al., 2011) and, secondly, the head slope is a bit higher (∼ 20 • vs. 15.6 • ). On another note, the 2007 Leñas event is also not typical for regular ice avalanches as the glacier was not very steep (15.6 • ) and the event volume is at the upper margin of more typical ice break-offs (Failletaz et al., 2015; Alean, 1985) .
An important finding from field work is the abundance of fine sediments in and on the collapse deposits (Fig. 3) . We suggest that a soft glacier bed material could have played an important role in the collapse, enhancing avalanche mobility, as already noted for the Kolka and Aru collapses . Also, the rather large amount of debris on top of the collapse deposits has probably favoured the rather good preservation of much collapse ice, even 11 years after the event took place. In comparison, the bare ice deposits of the Aru glacier collapses will have melted away to a large extent 2 years after collapse, whereas the heavily debris-covered and up to more than 100 m thick deposits of the Kolka glacier collapse lasted many years despite their low elevation .
As potential factors for large glacier collapses, a number of causes have been investigated so far, namely (i) high liq-uid water input into the glacier system from precipitation and melting, (ii) seismicity, (iii) changes in glacier geometry, and (iv) a shift in the thermal regime towards warmer conditions Kääb et al., 2018) . In the first place, our analyses of meteorological data showed no evidence of unusually strong increases in precipitation or temperature in the days immediately preceding the Leñas collapse that would directly destabilize the glacier. Neither do earthquake records reveal any strong seismic activity that could have triggered the collapse. Instability may be favoured as a glacier recedes from a flatter foot back into a steeper part of the bed, thus loosening the fontal stabilization in a type of self-debuttressing process, as also found for some more typical ice break-off situations (Faillettaz et al., 2015) . From the very slight glacier area decrease in the Leñas case (2.24 to 2.15 km 2 ) before collapse, we cannot identify a significant change in glacier geometry that would have changed its stress regime, but this finding could in part be due to the limited availability of suitable DEMs. The Aru twin collapses in Tibet were preceded by geometry changes in the form of surge-like behaviour . Although surges in this region of the Andes and in close proximity to the Leñas Glacier have been documented (Falaschi et al., 2018b) , we were unable to detect any evidence of a surge leading to collapse in the satellite imagery and DEMs. As for a change in thermal regime, from the rock glaciers in the area and the long preservation of the collapse deposits we conclude a potentially cold ground temperature regime for parts of the glacier and forefield. The thin glacier front could have been frozen to the bed, and we cannot exclude that a change in this polythermal regime may have caused changes in stability.
We hypothesize a mixed origin for the debris layer observed on the ice avalanche deposit. On the glacier head, frost action and permafrost thaw are probably responsible for the production of finely grained deposits originating from rock fall off the steep and ice-free surrounding rock walls ( Fig. 2e  and f) . The compact pieces of ice with a small amount of debris on top of them (Fig. 3b ) may be intact parts of the former debris-covered glacier front that detached as a whole (or in a few large fragments) and formed the front of the collapsed ice mass (cf . Figs. 1b, 2d) . The loss of the glacier front likely debuttressed higher (and not debris-covered) glacier parts that came down after the front, in either direct sequence or even with some delay, in the latter case suggesting the possibility of different phases of the collapse with different properties. The former glacier front might have also ploughed through the forefield and in parts have taken up debris there together with the original debris cover on the glacier front. Although from the data accessible to us we cannot tell if the Leñas 2007 avalanche happened as one or a few larger events (as also the Kolka and the second Aru event; Evans et al., 2009; Kääb et al., 2018) , the morphology of the deposits and the low Fahrböschung nevertheless seem to exclude that the deposits are the product of repeated small ice falls.
Conclusions
In the region of the Central Andes studied here, gravitydriven failures of steep glaciers have been observed previously. The volume of the Leñas collapse of ∼ 4 × 10 6 m 3 and the detachment slope of 15.6 • , however, deviate from the more typical ice avalanches from steep glaciers and place the event closer to low-angle glacier collapses. Due to the large time lag between the Leñas Glacier collapse in 2007 and its discovery, and the remoteness of the site, only limited data are available to analyse the case. We are not able to identify a clear potential trigger of the Leñas event, as neither the meteorological or seismic data reveal unusual conditions or events that could have triggered the Leñas collapse nor could a significant change in glacier geometry before collapse be identified. The event does not rule out the importance of soft bed characteristics as a factor in the (rare) collapses of low-angle glaciers Gilbert et al., 2018) . Despite the knowledge deficiencies related, for instance, to the hydrological, hydraulic or ground-thermal conditions under which the Leñas Glacier collapse took place, the information presented here adds to the spectrum of environmental and glaciological circumstances under which glacier collapses can take place, including related implications for mountain hazard management. Author contributions. DF led and designed the study, conducted the field work, analysed data and wrote the paper. AK and FP helped in designing the study, analysed data and wrote the paper. TT processed and orthorectified the ALOS PRISM imagery. JAR prepared and analysed the meteorological station and reanalysis data. LL helped in designing the study.
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